D°-D°% MIXING
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Laboratory)

The detailed formalism for DY — D? mixing is presented in
the note on “C'P Violation in Meson Decays” in this Review. For
completeness, we present an overview here. The time evolution

of the DYDY system is described by the Schrédinger equation

i2 (BO@) - (M- 1) (90(”) | (1)
ot \DO(t) 2 DO(t)
where the M and I'" matrices are Hermitian, and C'PT' invari-
ance requires that Mj; = Moy = M and I'y; = 'yo = 1. The
off-diagonal elements of these matrices describe the dispersive
and absorptive parts of the mixing.
Because C'P violation is expected to be quite small here, it

is convenient to label the mass eigenstates by the C'P quantum
number in the limit of C'P conservation. Thus, we write

|D12) = p|D%) + ¢[D°), (2)
where ) ,
* 7 Tk
(g) - (3)
p Mg — 5T

The normalization condition is |p|? + |g|?> = 1. Our phase con-
vention is CP|DY) = +|DY), and the sign is chosen so that D;
has C'P even, or nearly so.

The corresponding eigenvalues are
wiz =mig — sl = <M -3 ) i]—) <M12 — %Fm) , (4

where mq o and I'1 9 are the masses and widths of the D1 s.
We define dimensionless mixing parameters x and y by

x = (mp —me)/T'=Am/T (5)
and
y = (I — ') /2T = AT/2T, (6)

where I' = (I'y 4+ I'2) /2. If C'P is conserved, then Mjs and I'12
are real, Am = 2Mjs, AT' = 2T'15, and p = ¢ = 1/4/2. The
signs of Am and AT are to be determined experimentally.

CITATION: K. Nakamura et al. (Particle Data Group), JPG 37, 075021 (2010) (URL: http://pdg.lbl.gov)
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The parameters x and y are measured in several ways.
The most precise values are obtained using the time depen-
dence of D decays. Since D°-D° mixing is a small effect,
the identifying tag of the initial particle as a D° or a D°
must be extremely accurate. The usual tag is the charge of
the distinctive slow pion in the decay sequence D*t — DOrt
or D*~ — D% . In current experiments, the probability of
mistagging is about 0.1%. The large data samples produced
at the B-factories allow the production flavor to also be de-
termined by fully reconstructing charm on the “other side”
of the event—significantly reducing the mistag rate [1]. An-
other tag of comparable accuracy is identification of one of
the D’s produced from (3770) — DYD® decays. Although
time-dependent analyses are not possible at symmetric charm-
threshold facilities (the DY and D° do not travel far enough),
the quantum-coherent C' = —1 ¢(3770) — DYDY state provides
time-integrated sensitivity [2,3].

Time-Dependent Analyses: We extend the formalism of
this Review’s note on “C'P Violation in Meson Decays.” In
addition to the ‘“right-sign” instantaneous decay amplitudes
Ay = (f|H|D) and Ay = (f|H|D®) for CP conjugate final
states f = Ktn—,...and f = K~ 7", ..., we include “wrong-
sign” amplitudes A+ = (f|H|D") and Ay = (f|H|DY).

It is conventional to normalize the wrong-sign decay distri-
butions to the integrated rate of right-sign decays and to express
time in units of the precisely measured neutral D-meson mean
lifetime, 70 = 1/T" = 2/(T'y + I'g). Starting from a pure |D°)
or |DY) state at ¢t = 0, the time-dependent rates of decay
to wrong-sign final states relative to the integrated right-sign
decay rates are, to leading order:

0 2 2
r(t) = W’TZD;M :‘% )9+(t)A]1+g_(t))2, (7)
f
and
|(F1ED (1))’

7(t)

(8)
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where
Ap = qAs/pAy, Aj=qAf/pAs, (9)

and

1, . ,
g+(t) = 5 (et e ™2 | 29 = % (10)

Note that a change in the convention for the relative phase of
DY and D" would cancel between ¢/p and A;/As and leave
Ay unchanged. We expand r(t) and 7(t) to second order in
x and y for modes in which the ratio of decay amplitudes,
Rp = |Ay/A;|?, is very small.

Semileptonic decays: Consider the final state f = K0 iy,

where Ay = Z7 = 0 in the Standard Model. The final state f
is only accessible through mixing and r(¢) is
q 2 e,t q 2
rt)=lg- )|~ =~ —(a*+yH)t*|2 11
(t) = lg-(2)] ) 7 ) ) (11)

For 7(t) q/p is replaced by p/q. In the Standard Model, C'P
violation in charm mixing is small and |¢/p| ~ 1. In the limit of
CP conservation, r(t) = 7(t), and the time-integrated mixing
rate relative to the time-integrated right-sign decay rate for

semileptonic decays is

2

2 2
1
TEY @+ (12)

°° q
Ry = [ r@dt=|2| —2
M \/074(> ‘p 2+$2_y2 2

Table 1 summarizes results for Rj; from semileptonic de-
cays; the world average from the Heavy Flavor Averaging Group
(HFAG) [10] is Ry = (1.30 £2.69) x 1074,

Wrong-sign decays to hadronic non-CP eigenstates:
Consider the final state f = KTmw~, where Ay is doubly
Cabibbo-suppressed. The ratio of decay amplitudes is

ﬁ = —\ RD G_iaf,

Ay

Ay

yy ~ O(tan®4,) , (13)

where Rp is the doubly Cabibbo-suppressed (DCS) decay rate
relative to the Cabibbo-favored (CF) rate, 0y is the strong
phase difference between DCS and CF processes, and 6. is the
Cabibbo angle. The minus sign originates from the sign of V4
relative to V4.
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Table 1: Results for Ry, in DY semileptonic decays.

Year  Exper. Final state(s) Ry (x1073) 90% C.L.

te 7w, 0.1340.224+0.20 < 0.61 x 1073
e T, 0.047080  (~1.3,1.2) x 1073

2008 Belle [4 (*)
(+)
te~w, 0.0240.4740.14 < 1.0x 1073
(+)
()

]
2007 BABAR [1]
2005*  Belle [5]

2005 CLEO [6] e v,  1.64£29+29 < 7.8x1073
2004* BABAR [7] KWte 7,  2.341.2+04  <42x1073
2002* FOCUS[8] K*tu 7, —0.7610-93 < 1.01 x 1073
1996  E791 [9] K7, (11739 %1073 <50x1073

HFAG [10] 0.13 +0.27

*These measurements are excluded from the HFAG average.
The FOCUS result is unpublished, the BABAR result has been
superseded by Ref. 1, and the Belle result has been superseded
by Ref. 4.

We characterize the violation of C'P with the real-valued
parameters Ap;, Ap, and ¢. We adopt the parametrization
(see Refs. 11 and 12)

2
q 1+ A
’5 —\ Ty (14)
o r4 (1+Ap)(1 — A)\*
Nl= PEY R ( i(05+9)
Ay P\T—4p)i+4y)) ¢ !
_ » (15)
o = “F_ R ((1—AD)(1+AM)) )
I pAs 1+ Ap)(1— An)

(16)

From these relations, we obtain

I—Ap  [A7/A4

and Ap is a measure of direct CP violation, while A, is a

measure of C'P violation in mixing. The angle ¢ measures C'P
violation in interference between mixing and decay. While Ay,
is independent of the decay process, Ap and ¢, in general,

depend on f.
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In general, )\7 and )\]71 are independent complex numbers.

More detail on C'P violation in meson decays can be found in
Ref. 13. To leading order, for Ap and Ay < 1,

r(t)=e"t [RD(l + Ap)+V/Rp(L+ Ax)(1+ Ap)y/ t

+ %(1 + Ay Ry tQ] (18)
and
T(t) =e’ [RD(l — Ap) +V/Rp(1 — Ap)(1 — Ap)y/it
+ %(1 ~ ARy (19)
Here
Y. = ¢y cosd 2’ sin ¢
= ycos(xn F ¢) — zsin(0gr F ) , (20)
where

¥ = xcosdgr + ysindgs,

Yy = ycosbir — xSindgy, (21)

and Ry = (22+4%) /2 = (22 +y'*)/2 is the mixing rate
relative to the time-integrated Cabibbo-favored rate.

The three terms in Eq. (18) and Eq. (19) probe the three
fundamental types of C'P violation. In the limit of C'P conser-
vation, Aps, Ap, and ¢ are all zero. Then

r(t) =7(t) = et (RD +VRpy't+ %RM t2) : (22)

and the time-integrated wrong-sign rate relative to the inte-

grated right-sign rate is

(0. 9]
R= / r(t)dt =Rp++/Rpy + Ry . (23)
0

The ratio R is the most readily accessible experimental
quantity. In Table 2 are also reported the measurements of
Rp and Ap, and their HFAG average [10] from a general
fit; all allow for both mixing and C'P violation. Typically, the

2 and y'. Table 3 summarizes the

fit parameters are Rp, x
results for ¢/ and 2’2, Allowing for C'P violation, the separate
contributions to R can be extracted by fitting the D? — K7~

and DY — K~7t decay rates.
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Table 3: Results on the time-dependence of
r(t) in DY — K*7~ and D — K~7" decays.
The CDF result assumes no C'P violation. The
FOCUS, CLEO, and Belle results restrict z'?
to the physical region. The confidence intervals
from FOCUS, CLEO, and BABAR are obtained
from the fit, whereas Belle uses a Feldman-
Cousins method, and CDF uses a Bayesian

method.
Year  Exper. y' (%) 2’ 2 (x1073)
2007 CDF [14] 0.85£0.76 —0.12+0.35
2007 BABAR [15] 0.97+£0.44+0.31 —0.224+0.30£0.21
2006 Belle [16] —28 <y <21 <0.72 (95% C.L.)

2005 FOCUS [17] —112 <7y <6.7 <80 (95%C.L.)
2000 CLEO [18] —5.8<y <1.0 <0.81 (95%C.L.)

Table 4 summarizes results for R measured in multibody fi-
nal states with nonzero strangeness. Here R, defined in Eq. (23),

becomes an average over the Dalitz plot.

Table 4: Results for R in D° — K® 7~ (n1).
The values of R need not be the same for
different decay channels.

Year  Exper. D final state R(%)

2006 BABAR [24] K*n~ 7% 0.214 +0.008 4 0.008
2005 Belle [25] Ktz wta~  0.320£0.0187001%
2005 Belle [25]  K+tr—n®  0.22940.015%5 008
2002 CLEO [20]  K**m— 0.5+ 0.2709¢
2001 CLEO [26] K*tr—7wta~  0.447015 +£0.06
2001 CLEO [27] K*trn=n0 0.43%514 £0.07
1998 E791[19] K¥r atz™  0.25753% +£0.03

Extraction of the mixing parameters z and y from the
results in Table 3 requires knowledge of the relative strong phase
Orr. An interference effect that provides useful sensitivity to
Scr arises in the decay chain 9(3770)—DYD—(fop) (KT m ),
where fop denotes a CP-even or -odd eigenstate from DP
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— 77—

decay, such as K™K~ or Kgﬂo, respectively [28]. Here, the
amplitude relation
V2AD: - K 77) =AD" - K 77 £ AD* - K—n).
(24)
where Dy denotes a C' P-even or -odd eigenstate, implies that
ot _ A= K w0)P — [A(D_ — K )P
WL A(DY — K-
This neglects C'P violation and uses VRp < 1.
For multibody final states, Eqs. (13)—(23) apply separately

(25)

to each point in phase-space. Although = and y do not vary
across the space, knowledge of the resonant substructure is
needed to extrapolate the strong phase difference ¢ from point

to point to determine z and y.

A time-dependent analysis of DY — K7~ 70 from BABAR [24,29]

determines the relative strong phase variation across the Dalitz

plot and reports " = (2.61702£40.39)%, and 3" = (—0.06 7925+
0.34)%, where " and y” are defined as

7" = 208 0p 0 + ysindg, o,

Y = ycosdg 0 — TSNS q0, (26)

in parallel to 2/, ¢/, and 0, of Eq. (21). Here dy 0 is the
remaining strong phase difference between the DCS D° —
K*p~ and the CF D — K*p~ amplitudes and does not vary
across the Dalitz plot. Both strong phases, dx, and g0,
can be determined from time-integrated C'P asymmetries in
correlated DYDP produced at the 1(3770) [28,30].

Both the sign and magnitude of x and y without phase
or sign ambiguity may be measured using the time-dependent
resonant substructure of multibody DY decays [31,21]. In
DY — Kgﬂ'+ﬂ'_, the DCS and CF decay amplitudes populate
the same Dalitz plot, which allows direct measurement of
the relative strong phases. CLEO [20] and Belle [21] have
measured the relative phase between D? — K*(892)*7~ and
DY — K*(892)"7t to be (189 + 10 + 371")° and (171.9 +
1.3 (stat. only))°, respectively. These results are close to the
180° expected from Cabibbo factors and a small strong phase.
Table 5 summarizes the results from Belle [21] of a time-
dependent Dalitz-plot analysis of D0—>ng7r+7r*.
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Table 5: Results from Belle time-dependent Dalitz-
plot analysis of DY — K3 *x~ [21]. The errors are
statistical, experimental systematic, and decay-model
systematic, respectively.

Result 95% C.L. interval
No CP Violation
z = (0.80 £ 0.297 92701 % (0.0,1.6)%

y = (0.33 £ 0.247095000)%  (—0.34,0.96)%
With C'P Violation

z = (0.81+0.3070 2 09N % 2| < 1.6%
y = (0370259900 |y] < 1.04%

o/l = 086730 4 0.0
0= LYY

In addition, Belle [21] has results for both the relative
phase (statistical errors only) and ratio R (central values only)
of the DCS fit fraction relative to the CF fit fractions for
K*(892)Tn—, K (1430) 7, K3(1430)Tn—, K*(1410)*7~, and
K*(1680)T7~. The systematic uncertainties on R must be
evaluated. The values for R in units of tan* 6, are 2.94 + 0.12,
92.0 4+ 1.6, 34 + 4, 87 + 13, and 500 + 500. For K7, the
corresponding value for Rp is (1.28 +0.02) x tan* 6. Similarly,
BABAR [22] has reported central values for R for K*(892)" 7,
K}(1430)T7~, and K;(1430) "7 . The values for R in units of
tan* @, are 3.45 4+ 0.31, 7.7 &+ 3.0, and 1.7 & 1.7, respectively.
Recently, BABAR [23] has used a K-matrix formalism to
describe the mm S-wave in Kg7r+7r_. The reported values for
R in units of tan* @, are 2.78 £0.11, 0.5+ 0.2, and 1.4 £+ 0.5,
respectively. The large differences in R among these final states

could point to an interesting role for hadronic effects.

Decays to CP FEigenstates: When the final state f is
a CP eigenstate, there is no distinction between f and f,
and Ay = A? and Z?:Zf. We denote final states with C'P
eigenvalues =1 by fi and write Ay for Az, .
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The quantity y may be measured by comparing the rate for
DY decays to non-C'P eigenstates such as K ~nt with decays to
CP eigenstates such as KTK~ [12]. If decays to KTK~ have
a shorter effective lifetime than those to K~ 7™, y is positive.

In the limit of slow mixing (x,y < 1) and the absence of
direct C'P violation (Ap = 0), but allowing for small indirect
C'P violation (|Ap|, |¢| < 1), we can write

e (27)

In this scenario, to a good approximation, the decay rates for
states that are initially D and D" to a CP eigenstate have

exponential time dependence:

r+(t) ocexp (=t/74) , (28)
T4(t) ocexp (—t/T+) , (29)

where 7 is measured in units of 1/T.

The effective lifetimes are given by
1/Tizli'g‘(ycos¢—xsin¢), (30)
p
1/?i:1i'£‘(ycos¢+a:sin¢). (31)
q

The effective decay rate to a C'P eigenstate combining both DY
and DY decays is

re(t) +7(t) o e~ UFver)t (32)

Here
w3 s - s o
~ycosp— Apxsing . (34)

If C'P is conserved, yop = vy.
All measurements of ycp and Ap are relative to the DO —
K~ 7" decay rate. Table 6 summarizes the current status of
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Table 6: Results for yop from D?— KTK~ and nt7~.

Year Exper. final state(s) yop(%) Apr(x1073)
2009 BABAR [32] KTK~ 1.16 £ 0.22 £ 0.18 -
2009  Belle [33] KIK+*K~ 0.1+ 0.61+0.52 .

2008 BABAR* [34] KTK,ntm 1.03+0.334+0.19 2.6+3.6+0.8
2007  Belle [35] KTK ,7tm 1.31+0.32+0.25 0.1+3.0+1.5
2001 CLEO [36)] KK ,ntr~ —1.24+25+14

2001 Belle [37] KK~ —0.5+1.015% —

2000 FOCUS [38] KT*K~  342+1.3940.74

1999 E791 [39] KtK~ 0.8+2.9+1.0 —
HFAG Avg. [10] 1.11 4 0.22 0.12+0.25

*This measurement is included in the result reported by Ref. 32.

measurements. Belle [35] and BaBar [32,34] have reported yop
and the decay-rate asymmetry for C'P even final states

_Teore_(m) - (/7)
A T W T (/) )

LRI R e

~ Apycosg —xsing . (37)

If CP is conserved, Apr = 0. Recently, Belle [33] has reported
ycp for the final state KgK TK~ which is dominated by the
CP odd final state Kg¢.

Substantial work on the time-integrated C'P asymmetries in

decays to C'P eigenstates are consistent with no C P-violation
at the few-percent level [40].
Coherent D°D°® Analyses: Measurements of Rp, cosdx,
x, and y can be made simultaneously in a combined fit to the
single-tag (ST) and double-tag (DT) yields, or individually by
a series of “targeted” analyses [28,30].

The “comprehensive” analysis simultaneously measures mix-
ing and DCS parameters by examining various ST and DT
rates. Due to quantum correlations in the C' = —1 and C' = +1
DD pairs produced in the reactions ete™ — D°D%(7%) and
ete™ — DD%(7%), respectively, the time-integrated D°DY
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decay rates are sensitive to interference between amplitudes
for indistinguishable final states. The size of this interference
is governed by the relevant amplitude ratios and can include
contributions from DD mixing.

The following categories of final states are considered:

f or f: Hadronic states accessed from either DY or D° de-
cay but that are not C'P eigenstates. An example is K~ 7T,
which results from Cabibbo-favored D transitions or DCS DY
transitions.

£+ or £~ : Semileptonic or purely leptonic final states, which,
in the absence of mixing, tag unambiguously the flavor of the
parent D,

f+ or f_: C'P-even and C'P-odd eigenstates, respectively.

The decay rates for DD pairs to all possible combinations
of the above categories of final states are calculated in Ref. 2, for
both C' = —1 and C = +1, reproducing the work of Ref. 3. Such
DYDY combinations, where both D final states are specified,
are double tags. In addition, the rates for single tags, where
either the D° or DY is identified and the other neutral D decays
generically are given in Ref. 2.

CLEO-c has reported results using 281 pb™! of ete™ —
¥(3770) data [41,42], where the quantum-coherent DD pairs
are in the C' = —1 state. The values of y, Rjs, and cosdg,
are determined from a combined fit to the ST (hadronic only)
and DT yields. The hadronic final states included are K7™
(), Ko (F), K=K* (f1), w0~ (f4), K970 (f), K90
(f+), K270 (f2), K3n (f-), and K9w (f-). The two flavored
final states, K~ 7+ and K7™, can be reached via CF or DCS
transitions.

Semileptonic DT yields are also included, where one D is
fully reconstructed in one of the hadronic modes listed above,
and the other D is partially reconstructed, requiring that only
an electron be found. When the electron is accompanied by a
flavor tag (D — K~ 7t or KT7n7), only the “right-sign” DT
sample, where the electron and kaon charges are the same, is
used.

The main results of the CLEO-c analysis are the determina-
tion of cos dxr = 1.10+0.354+0.07, and World Averages for the
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mixing parameters from an “extended” fit that combines the
CLEO-c data with previous mixing and branching-ratio mea-
surements [41,42]. In these fits, which allow cos dx, and x? to
be unphysical, the no-mixing result (z = y = 0) is excluded
at 5.00. Constraining cosdx, and sindx, to [—1,+1]—that is
interpreting dx, as an angle—yields g, = (QQfEf?l)o. Note
that measurements of y (Table 5 and Table 6) and 3’ (Table 3)
contribute to the determination of 0.

Coherent DYD? production can also been used to deter-
mine the average strong phase difference, Sf, and coherence
factor, Ry, for a flavor-specific multibody final state, f, such
as K- 7Tn% [43]. Determining the mixing parameters us-
ing multibody decays, without using knowledge of resonant
substructure, requires both R; and ) ¢. Furthermore, the mea-
surement of Ry improves the determination of the Unitarity
Triangle angle v [44,45]. The parameters §; and Ry are
defined by
JAp(x)Ap(x)dx

AfAj '

Here Aj(x) (Af(x)) is the amplitude for D® — f (D — f) at
a point in multibody phase space described by parameters x,
and A? = [|Af(x)|?dx. A value of Ry close to unity indicates
that only a few intermediate states, with limited overlap in

Rye™™r = (38)

phase space, dominate the decay. Note that while dxr = 0xr
(defined in Eq. (13)), knowledge of the resonant substructure
is required to relate §j 0 and dx3y to S0 (defined below
Eq. (26)) and 03y, respectively.

CLEO-c has reported results for R; and 5f (f = K ntn0,
K—7mtrtn~) using 818 pb™! of efe™ — ¢(3770) data [46].
The DT rates of f tagged by fi, f, or another flavor-specific fi-
nal state with a kaon of the same sign, e.q. K~ nt70 vs. K—n™,
provide the sensitivity to the parameters [43]. A similar anal-
ysis strategy is adopted to that reported in Refs [41,42]. Two
fits to the DT rates are performed with and without external
constraints on the mixing parameters x, y, and dx . The results
of these fits are shown in Table 7. The results of Ref. 46 are not
yet included in the HFAG average [10].
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Table 7: Results from CLEO-c for mixing parameters from
coherent DYDO decays.

Parameter Mixing constrained Mixing unconstrained

Orx (") 141,42 22556 <75 @95% C.L.
Oxr(°) [46] 28.5158 50+38
z (%) [46] 0.96 = 0.25 —0.8+29
y (%) [46] 0.81+ 0.16 0.7+24
Rprro [46] 0.84 £ 0.07 0.7870-1%
Or¢rnno () [46] 47111 59+32
Ricsr [40] 0331553 0.361021
Sxcsn(®) [46] —6672 6202

Summary of Experimental Results: Several recent results
indicate that charm mixing is at the upper end of the range of
Standard Model estimates.

For D — K*7~  BABAR [15] and CDF [14] find evidence
for oscillations with 3.90 (ALogL) and 3.80 (Bayesian), respec-
tively. The most precise measurement for mixing parameters is
from Belle [16], which excludes 22 = ¢ = 0 at 2.10.

For yop in D — KTK~ and w7, Belle [35] and
BABAR [32] find 3.20 and 4.10 effects. The most sensitive
measurement of y is in D® — Kgrr~ from Belle [21] and is
only 1.20 significant. In the same analysis, Belle also finds a
2.40 result for x. The current situation would benefit from bet-
ter knowledge of the strong phase difference dg, than provided
by the current CLEO-c result [41,42]. This would allow one to
unfold z and y from the D° — K7~ measurements of 2> and
o/, and directly compare them to the D? — Kgﬂrﬂr* results.

The experimental data consistently indicate that the D and
DO do mix. The mixing is presumably dominated by long-range
processes. Under the assumption that the observed mixing is
due entirely to short-range processes, significant constraints on
a variety of new physics models are obtained [47]. A serious
limitation to the interpretation of charm oscillations in terms
of New Physics is the theoretical uncertainty of the Standard
Model prediction. However, recent evidence opens the window
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to searches for C'P violation, which would provide unequivocal
evidence of New Physics.
HFAG Averaging of Charm Mixing Results:

The Heavy Flavor Averaging Group (HFAG) has made a
global fit to all mixing measurements to obtain values of =z,
Y, 0w, Ocrros R, Ap = (R, — Rp)/(R}, + Rp), la/p|, and
Arg(q/p) = ¢. Correlations among observables are taken into
account by using the error matrices from the experiments.
The measurements of D° — K®W+t¢—©o KtK— atr— Ktrn—,
Ktr—r Kta-atr™, Kdrtr~, and KQKTK~ decays, as
well as CLEO-c results for double-tagged branching fractions
measured at the ¢ (3770).

3620310-001

2 CPV allowed

1.5

—_
\\\\‘\\\\

0.5}
0
05 525
B l 306
i 40
—1f i56
-1 -05 O 05 10 15 20

X (o/o)

Figure 1: Two-dimensional 1o-50 contours for
(z,y) from measurements of DY — K®+¢y,
hth= Ktn , Ktn 7% Ktn—ntn, Kgﬂr*w*,
and K gK T K~ decays, and double-tagged branch-
ing fractions measured at the ¢ (3770) resonance
(from HFAG [10]) . Color version at end of book.
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Table 8: HFAG Charm Mixing Average allow-
ing for C'P violation [10].

Parameter HFAG average 95% C.L. interval

(%) 0.9870-24 [0.46,1.44]
y(%) 0.83+0.16 0.51,1.14]
Rp(%)  0.337+0.009 [0.320, 0.353]
S5 (°) 26.475 [5.9,45.8]
S ern0(°) 14.8720-2 [—30.3, 53.8]
Ap(%) 22424 [—6.9,2.6]
lq/p| 0.86101 0.60,1.22]
o(°) —9.615:3 [—22.1,6.3]

For the global fit, confidence contours in the two dimensions
(xz,y) and (|q¢/p|, ¢) are obtained by letting, for any point in
the two-dimensional plane, all other fit parameters take their
preferred values. Figures 1 and 2 show the resulting 1-to-5 o
contours. The fits exclude the no-mixing point (z=y=0) at
10.20, whether or not C'P violation is allowed. The parameters
x and y differ from zero by 3.20 and 4.8c, respectively. One-
dimensional likelihood functions for parameters are obtained by
allowing, for any value of the parameter, all other fit parameters
to take their preferred values. The resulting likelihood functions
give central values, 68.3% C.L. intervals, and 95% C.L. intervals
as listed in Table 8.

From the results of the HFAG averaging, the following
can be concluded: (1) Since C'P violation is small and ycop is
positive, the C'P-even state is shorter-lived, as in the KYK°
system. (2) However, since x appears to be positive, the C'P-
even state is heavier, unlike in the K'K" system. (3) The strong
phase difference dx, is unlikely to be small. (4) There is no
evidence yet for C'P-violation in the DYD? system. Observing
C P-violation at the current level of sensitivity would indicate

new physics.
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Figure 2: Two-dimensional 1o-50 contours for
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